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THERMAL FORCE EFFECTS ON SATELLITES
J. Duha' & G. B. Afonso?

Thermal force effects due to the Earth infrared radiation acting on artificial satellites can
explain most of the residual orbit decay observed on high altitude satellites. In this
work, we propose an improved thermal model that presents the total thermal effect as a
sum of the summer-winter and the “generalized” day-night effects. We show that a
unified model may take into account the @iterm (wheref’ is the co-latitude of the
thermal energy source) for the day-night force component and tt teom for the
summer-winter force component. These terms are associated with temperature varia-
tions on the satellite’s surface due to its movement around the thermal energy source
and allow the simultaneous application of these two forces resulting in a unified total
thermal force that has two components: the Summer-Winter force, in the satellite spin
axis direction (z), and the generalized Day-Night force, in the satellite equatorial plane
(xy). We calculate the along-track accelerations for a test-satellite (parameters based on
the LAGEOS satellite data) and obtain the average along-track acceleration <S> =-3.46
x 10 ms?, for the day-night effect, and <S> =-2.85 ®2ifds?, for the summer-winter

effect, that leads to a residual orbit decay of nearly 1.08mfidally, we analyze the
behavior of the average radial and along-track accelerations, and the thermal lag angle,
as a function of the satellite’s altitude, and show that there is a “selective law” that
associates the maximum thermal effect to the radius and altitude of the satellite, and
control the satellite orbit decay.

Key words: Thermal re-emission; Summer-winter effect; Day-night effect; Unified thermal model;
Artificial satellites; Orbit decay.

EFEITOS DE ENERGIA TERMICA EM SATELITES-Os efeitos de re-emisséo
térmica associados a radiacao IR da Terra atuante em satélites artificiais, explicam
grande parte do decaimento orbital residual observado em satélites de alta altitude.
Neste trabalho, propde-se um modelo térmico otimizado que apresenta o efeito térmico
total como a soma dos efeitos Inverno-Verao e Noite-Dia “generalizado”. Além disso,
este trabalho procura mostrar que um modelo unificado deve levar em consideracao
o termo serff (onde@ é a colatitude da fonte de energia térmica) para a componente
noite-dia da forca térmica e o termo ddpara a componente inverno-verao da forca
térmica. Estes termos estao associados a variagdes de temperatura na superficie do
satélite devidas ao seu movimento ao redor da fonte de energia térmica e permitem a
aplicacao simultanea dessas duas forcas, resultando em uma forga térmica total
unificada que possue duas componentes: a for¢ca Inverno-Veréo, na dire¢cdo do eixo
de spin do satélite (z), e a forca Noite-Dia generalizada, no plano equatorial do
satélite (xy). Neste trabalho, as forcas de re-emisséo térmica sao aplicadas a um
satélite-teste (parametros baseados em dados do satélite LAGEOS) de forma a se
obter a perturbacéo resultante em termos da aceleragéo transversal média, para o
efeito noite-dia, <S> = -3,46 x 18 ms?, e para o efeito inverno-veréo, <S> = -2,85

x 10*2 ms?, que leva a um decaimento orbital residual de aproximadamente 1.08
mmd'. Finalmente, sdo analisados o comportamento das aceleragdes radial e trans-
versal médias, e do angulo de atraso, como uma funcao da altitude do satélite, e é
obtida uma “lei de sele¢éo” que associa o efeito térmico maximo ao raio e a altitude
do satélite.

Palavras-chaveRe-emissao térmica; Efeito inverno-verdo; Efeito noite-dia; Modelo térmico
unificado; Satélites artificiais; Decaimento orbital.
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164 Thermal Force Effects on Satellites

INTRODUCTION & less, 1991, Farinella et al., 1996) affect the thermal
i . re-emission forces direction and absolute values; which

All objects in the space are regularly heated Up o |4tionship we can find between the day-night and

by thermal radiation sources. Spacecrafts are not eXsummer-winter effects, and how this relationship can

cluded. The investigation of the thermal effects, in this be mathematically expressed and physically under-
case, can explain some unexpected features of the or:

_ _ _ stood. We are going to provide the modeling of the
bital evolution of spacecrafts travelling across the space.

| btai b bital modell tth Summer-Winter forcef, , and also a “generalized”
We, can aiso o tain, a etter orbital modeling of the Day-Night force F_, valid for any spin axis inclina-
artificial satellites moving about the Earth. d

tion, and hence the unification of these two forces in

The mechanism _that_ generat.es thg ther.mal fo'rceonly one: the Total Thermal forcdé (Duha, 1996). We
that acts on the satellites is very simple: The incoming 4,5 show that there is a “selective law” associated

radiation from a thermal radiation source (Sun, Earth, with the radius of the satellite (maximum thermal ef-

etc.) heats up more efficiently the satellite’s surface in fect) and the distance to the energy source (Duha
the side facing the radiation source, than in the oppo-lg%) ’

site side (dark side). As a consequence, the satellite

; . distrib We apply the total thermal force to a test-satellite
surtace presents an asymmetnc temperature distri Yand obtain the averaged along-track and radial accel-
tion. The hotter side re-emits photons more energetic

erations due to the thermal re-emission effects. We

_?_?ld thu_s, Ioseslm%re momentum thanftlhe cooler one gy o5 the relationship between the generalized day-
Is anisotropy leads to a netamount of linear momen-night and summer-winter effects, and predict the re-

tum that causes a net recoil force to act on the satelgjq 5| orbit decay, due to thermal re-emission forces,

lite. The amoqnt.of radigtion receiv_ed by a surface el- ¢ 5 test-satellite with parameters based on the
ement per unit time varies accordingly to the energy LAGEOS satellite data.

source coordinates, that are controlled by the satellite

spin axis orientation, and rotational and orbital motion THE UNIFIED THERMAL RE-EMISSION

of the satellite. For a spinning satellite, in its reference MODEL

frame, there are two main asymmetries on the satellite’s
surface temperature distribution: along the spin axis

X In the thermal re-emission model, proposed here,
(known as summer-winter effect) and along the equa-

we assume that the satellite is an homogeneous sphere,

torialv?/ir:ecti?ln (day-”r_ligth:(f;feECOt). | hed (M heated up by a punctual radiant energy source. The
en the satellite S was launched (May satellite is a gray body with surface temperaflire

4,1976) an unexpected and non-modeled residual orbitT + AT, whereT_is the average temperature &\
decay became evident (Afonso et al., 1980; 1985). The. ° ’ 0

is the temperature variation. Hetes | _+ Al repre-
day-night effect (Yarkovsky or diurnal effect) was taken P 0 P

. but d h li . _ sents the radiance that leads to a heafingndl  is
Into account, L.” ue to the sate |t_e rapi rota_tlon, ON€he constant radiance from the energy source, that gives
could not explain the observed orbit decay residuals. In

hi h ional period | han the ch the body temperaturg. Let us suppose thaT and
this c_as_e,_t e rotationa period was e_sst _ant € chary, vary with time as# where i=/-1, so that they can
acteristic time of the satellite thermal inertia, thus the be written as:

day-night thermal asymmetry was very small (Afonso R
etal.,1989). AT(R,@,QO,'[) :AT(R,G,qo,t)eM, (1)

. Hovyever, the anisotropy associated with the S?t' whereRis the radial distance to a point at the surface
ellite orbital motion leads to a force along the spin axis measured from the center of the satellite. v is the fre-
known as summer-winter force (seasonal effect). This quency of the angular moveme#tis the co,-latitude
effect does not depend on the satellite rotation and Car}andgois the longitude of the surface point. '

explain almost all the observed residuals. Both day- To obtain the temperature distribution at the sur-

night and summer-wmter effects are con“seque?ce Offace of the sphere, we solve the heat conduction equa-
the same physical mechanism: a photon “thrust” gen

“ti lying th iate bound ditions. |
erated by the anisotropy associated with the re-emis- 10N applying the appropriate bouncaty conditions. 'n

X . , the spherical coordinates we obtain (Rubincam,1987;
sion of the radiant energy by the satellite’'s surface. Afonso & Foryta,1989; Duha, 1996):
In order to predict the dynamics of satellites ruled ’ ’ ’ '
by thermal re-emission forces, we introduce, in this ~ N )
work, a model that allows us to understand how the AT(R8.¢) = ZZQ.mRm(Cog)L(KR)eW’ (2)

variations on the satellite spin axis orientation (Bertotti
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whereP™ (cos 6) are the associated Legendre func-

tions (ofl th degree anchth order);,(Kr) is the spheri- X +iY :i + ian(K' &)m 10
cal Bessel function, ar@, . is given by the following o & ' : (10)
expression:

The IR, term will dominate the behavior for

B alf small satellite radius and will lead to the significant de-
Cm= _ dj, (KR crease of the thermal lag, that we will show ahead.
4¢aT?j, (KR +k IaR : 3
R THE TOTAL THERMAL RE-EMISSSION
ivoC FORCE
K = (%)1/2, (4)

The re-emission force can be obtained if we as-
sume that the satellite re-emits the radiation according
to Lambert’s law. The photons leaving its surface carry
away momentum proportionally to the surface tempera-
ture T. The resulting force over the total surface area
(Rubincam,1987; Afonso & Foryta,1989; Duha, 1996)

wheref, are the coefficients of a Legendre polyno-
mial expansion (Rubincam,1987; Afonso &
Foryta,1989; Duha, 1996). In the equations above the
following satellite parameters are usadhe satellite’s
surface absorption of radiatios; the satellite’s sur-
face emission of radiatio; , the specific heat at con-
stant pressurd, the thermal conductivity‘l;'o, the av-

erage temperature due to the radiance at satellite alti- 20T T, o
tude;p, the mass densitR, the satellite radius; ara F= _Yl l T*(sin6 cospi +sing singj +
is the Stefan-Boltzmann constant. (11)

+cos k ) R*sin6 d6 dg

Thus the Total Thermal Re-emission force acting
on the satellite (Duha,1996) is:

By substituting Eq. (2) in Eq. (1) we obtain:
o | fl
AT(R.O.00=5 3 = :
O (4e0T? +KX)(1+E2)2

where we introduced the following variables: F=n {A, sin(ut - 9,)[cos(vt - &) +
o +sin(vt - 8)j] + A,cos(yt - 8,)k}, (12)

S 1
e kX (6) n=— T+
2(1+ sin t)

0 = arctarg (7) where nis the normalization factor, with maximum and
1 0 (KR)| minimum values 1/and 1/4, respectiyely. We take into

! ®) account the two main angular satellite movements, ro-
’ tation and translation, with angular frequencieand
v,, respectively. The angi& is the thermal lag due to
rotation;d,is the thermal lag due to translation, #&gd
A, are given by:

al ,P™(cosf)e™e e

m

()

(13)

X+iY = |
R=R.

j(KR) OR

with X andY are the real and imaginary parts of the
complex numbeK+iY given by Eq. (8). The angular

variabled defined in Eq. (7) represents the angle be- - 8al ,RmT
tween the direction of the absorption and the re-emis- A= KX 1
sion of the radiation, that appears as a consequence of 9CE1+ 4eaTl 3 ElJr &? )2 (14)
the satellite thermal inertia. From Egs. (6) and (7) we 0
have: The symbol indicates that the quantiti¥sandé
Ky are calculated witlr = v, for the day-night effect and
d, = arctan% 3—'E 9) v = v, for the summer-winter effect. Note that the
40Ty + kX, thermal re-emission force has two components, one in

the satellitexy plane (equatorial) and the second in the
Most of the unusual behavior of the thermal lag, zaxis direction (spin). They force leads to the gener-
thermal force and the semi-major axis variation asso-alized day-night effect (we will refer to it only as day-
ciated with it, and so on, can be explained by the analy-night effect) and thez force to the summer-winter
sis of the quantitieX andY.. If we expand Eq. (8) in  effect. This general expression shows that the sum-
series, we have: mer-winter and day-night forces can be understood like

Revista Brasileira de Geofisica, Vol. 17(2,3), 1999



166 Thermal Force Effects on Satellites

2
-..-" T, I'L"ﬂ
o 1 | i
L LY r 7
o i—{ 1
1
R e ] : ﬂ-.tl
i r =
Tt - e ):>
LT : e -
PN, . P Fe
T i 3 0
PP e '.‘
- Figure 2 - As the satellite moves around the energy source, sum-

X mer-winter and day-night effects loose and gain intensity alterna-
tively. We can visualize this interplay between these two thermal
effects if we associate the satellite’s surface region (1) to the day-
night effect and region (2) to the summer-winter effect. Note that,
the area covered by (2) decreases as the energy source colatitude
grows from O torv2, while (1) increases. The opposite situation
will take place if you consider the/2 tottenergy source colatitude
values, and so on for the complete cycle.

Figure 1 - The summer-winterH) and “generalized” day-night
(ny) forces representation in they(,2 reference frame centered at
a spherical body that rotates aroundzlagis.

Figura 1 - Representacéo das forgas inverno-vefdg) € noite-
dia G:Xy) no sistema de referéncia (x,y,z) centrado em um corpo
esférico que gira em torno do eixo z.

Figura 2 - A medida que o satélite se desloca ao redor da fonte de

the components andF of thetotal thermal re-emis- . e x e
X z energia, os efeitos inverno-verdo e noite-dia perdem e ganham

sion force a'Ctmg on the satellite. _ o intensidade alternadamente. Esta relacéo entre estes dois efeitos
Now, if we assume that the spin axis lies on the térmicos pode ser visualizada se associarmos a regigo (1) na su-
satellite orbital plane, we can re-write Eq. (12) as: perficie do satélite ao efeito noite-dia e regido (2) ao efeito inverno-
_ ; ; ; ; verdo. Note que, a area coberta por (2) decresce a medida que a
F=n {A, sin@ - 5,)[cos(g-3,)i + sin(@ - 5)j] + d por (2) g

colatitude da fonte de energia cresce de 0 pa@fa enquanto que
+A2 cos@ - 5@ )k}, (15) (1) decresce. Quando sé&o considerados valores eritrers para
where the(&,¢) coordinates represent the punctual j colatitude da fonte de energia, tem-se a situac&o oposta, e assim

radiant energy source apparent position in the satellitepor diante para o ciclo completo.
reference frame, wher@ is the co-latitude ang is

the longitude. situation, and day-night effect vanishég € 0).

The first term ij) in the right hand side of the Fig. 1 shows schematically a spherical body that
equation is related to the day-night effect (diurnal ef- rotates around theaxis, illuminated by a punctual ra-
fect) that has a maximum fé = 772 (thus, sing = diant energy source. The thermal re-emission féfce,

1), and yields from an asymmetric temperature distri- has two components, andF, associated with the
bution along thexy plane; whereas the second tdem  day-night and summer-winter effects, respectively.
is related to the summer-winter effect (seasonal ef-Note that:F = F " + F,for instantaneous thermal

fect), that has a maximum fér = 0, (thus, co8 = 1), reaction (no thermal inertid, = 0).

and yields from the asymmetric temperature distribu- Dividing Eq. (12) by the mass of the spherical

tion along thez axis. satellite (4R/3) we get the satellite acceleration due
Note that cos¥ and sing@ increase or de- to the total thermal force:

crease the intensity of the summer-winter and day-night a=n {B, sin(yt - 9,)[cos(vt - J)i +sin(v,t -

forces as the body moves along its trajectory. There is - 9,)i] + B,cos(yt - 9,)k}, (16)

a direct relationship between the co-latitude of the en-Where:

ergy source and the intensity of the summer-winter and - 2al,

day-night effects. Whe& = 17/2; or 372 we have B = KX 1

n=1/4 and the temperature distribution is more uni- 3CpR, El + WE@ +&2) - A7)

form than for@ = O; ormtbecause, in this cage=1/ . _ _ _
2; so the intensity of the thermal force must be smaller Thea  componentis associated with the day-night

for @ = 172, when the summer-winter effect vanishes €ffect and the, with the summer-winter effect. Fig. 2
(F = 0), then for@ = 0 when we have the opposite shows schematically a spherical satellite that rotates
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around thez axis, on the orbital plane, of a punctual +(sin awt)w, (29)
radiant energy source. During one orbital period the

intensity of the day-night and summer-winter effects is j= (sin nt sinck)r + (cos nt sinwt)s +
determined byin & and cos@: as one effect loses + (-coswt)w, (20)
strength the other gains and vice-versa. To get a better

visual graphic representation of the body moving around k = (-cos njr + (sin nds, (22)
the energy source and the interplay between (1) and

(2), we situate the spin axis on the orbital plane, but all Now we will apply the relations above to the sum-

gualitative conclusions are valid for the general case mer-winter and day-night effects separately. When the

when 0 <3 < 1/2. The day-night effect is strongly spin axis lies on the orbital plamg = wt, vt = ntand

associated with the periodic recurrence between dayfrom Eq. (16) we have:

and night that leads to thg anisotropy. The summer-

winter effect is associated with the length of the days a, =[2(1+sirent)]*B, sin(nt-, )[cos(wt-9))i+

and nights: long days, summer; long nights, winter and Bin(wt-9)j]. (22)

leads to the anisotropy . We can identify two funda-

mental regions at the body surface: (1) day-night and Substituting Eqgs. (19) and (20) into (22) leads to

summer-winter effects; (2) summer-winter effect. the radial and along-track acceleratidR®ndS. Av-
Note that the area covered by these two regionseraging the radial and along-track accelerations over

change as the satellite moves along its trajectory. Wherone rotation ( <R> and<5>) we obtain:

the co-latitude of the energy source is zerarave

have only the type (2) region and the thermal re-emis- <R> D0.15C, cosd, cosd,,

sion force has only the, force componean(W =0),

the summer-winter effect is maximum and the day- <S> [1-0.20C sind. cosd (24)

night effect vanishes. And, wheff= 772 or 3772 we ! 2 v

have the opposite situation: only type (1) region and the

thermal re-emission force has only the component <W> =0, (25)

(F,=0), the day-night effect is maximum and the sum-

mer-winter effect vanishes. For intermediate angles we

have both effects, with respective magnitudes ruled by

the co-latitude of the energy source.

(23)

where we assume that € -B, is constant along one
integration period. And for the summer-winter effect
we have:

a = [2(1 +sirnt)]* B, cos(nt -3) k , (26)

RADIAL AND ALONG-TRACK ACCELERA-

TIONS Substituting Eq. (21) into (26) leads to the radial

and along-track accelerations for the summer-winter

The radial and along-track accelerations can beeffect. Averagindr andSover one rotation we obtain:

obtained if we re-writé , j andk as a function of, s (R) 00.20C, cos3,, (27)
andw. The relationship between these two reference

. -0.15C si

systems centered at the satellitgy,@) and ¢s,w), <S> . C.sino,, (28)
can be obtained by means of the Euler rotation matri- <W> =0, (29)
ces. We assume that the initia| conditiam®j are:i = where we assume that for small eccentricitigs B,

s, j =-w andk = -r (spin axis on the orbital plane).

Rotai lati d spi _ i is constant along the integration period. For simplicity,
otation, translation, and spin axis movements will ;. y,q following sections, we will refer to the mean ra-

change the initial conditions. We can reproduce these ji| anq along-track accelerations only as radial and
changes if we apply three rotations to thg,@ sys- along-track accelerations

tem:
R.(-wt) R, (F) R, (nt) , (18)  APPLICATION: TEST-SATELLITE
wherewis the satellite’s angular velocity of rotation,
is the satellite’s mean motion, and theaxis inclina- The thermal re-emission effects can be better
tion to the satellite’s orbital plane. If the spin axis lies understand if we apply the relations obtained previously
on the orbital plane, thei# = 0 and we have: to a test-satellite. The main parameters of the test-sat-
I = (Sin nt cosat)r + (Cos nt coswt)s+ ellite are based on the geo-dynamic satellite LAGEOS.
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168 Thermal Force Effects on Satellites

ALOWNG-TRACK ACCELERATION ALCHG- TRACK ACCELERATION
I:n.u:l”l—-- — — wmrh—
= { -
hE ! r - i e |
| e Vg Fioey p— -
= | s B ik E i ——— o Dayhgp |
F e g !
% mw’ 8 :
| A ; |
- | = e |
E E T Mo
[ ., |
& o T i
¥ " ¥ . I
DoxIl | - 4 |
. R .
E [ -
i h ﬁ e ;
g | '\.\_- E i ‘,
| e i - |
l i i —— o™
B0 1100000 15360 L n ¥ 10500 13005 20030
Alltude [km) Alvtude (k)

Figure 3 - The summer-winter and day-night averaged along-track accelerations absolute values for the testesatediteellite’s
altitude.

Figura 3 - Aceleracdes noite-dia e inverno-verao médias em valor absoluto para o satélite-teste versus a altitude do satélite.
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Figure 4 - The mean radial and along-track accelerations absolute values for the test-gatsilggatellite’s altitude.

Figura 4 - Aceleracdes radial e transversal médias em valor absoluto para o satélite-teste versus a altitude do satélite.

The LAGEOS is a high-altitude satellite (6,00®) trolled by the retro-reflectors. The LAGEOS's orbit is
moving around the Earth in an almost circular oit (  modeled with high accuracy, however, after subtract-
= 0.004). The body of the satellite consist of two alu- ing out most of the known forces acting on the satellite,
minum hemispheres bolted to a cylindrical beryllium such as the gravitational attraction of the Sun and moon,
copper core. About 42 % of its surface is studded direct solar radiation pressure, etc., there is still a re-
with 422 fused silica laser retro-reflectors. “The pre- sidual along-track acceleration that remains to be ex-
launch tests and theoretical estimations give temperaplained” (Rubincam, 1987; 1988; 1990; Rubincam et
ture variationsAT = 2 to 3K for the aluminum struc-  al., 1990).

ture andAT = 20K between the two antipodal retro- There are, primarily, two important thermal en-
reflectors. Hence, the photon thrust is primarily con- ergy sources providing thermal energy to the satellite:

Brazilian Journal of Geophysics, Vol. 17(2,3), 1999
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Figure 5a -The orbital thermal lag angle for the test-satellée

susaltitude, for satellite’s radii: 0.3, 0.5 and 1.0 m; with maximum

Figure 5b - The orbital thermal lag angle for the test-satelige
altitude value 20,000 km.

susaltitude, for satellite’s radius: 0.3, 0.5 and 1.0 m; with maximum
altitude value 400,000 km.
Figura 5a- Angulo de atraso devido ao movimento orbital para o

Figura 5b - Angulo de atraso devido ao movimento orbital para o
satélite-teste versus altitude, para os seguintes valores de raio desatélite-teste versus altitude, para os seguintes valores de raio de

satélite: 0,3, 0,5 e 1,0 m; com altitude maxima igual & 20.000 km satélite: 0,3, 0,5 e 1,0 m; com altitude maxima igual & 400.000 km
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Figure 6 - The mean radial and along-track accelerations absolute values for the test-gatellgthe satellite’s radius.

Figura 6 - Aceleracdes radial e transversal médias, em valor absoluto, para o satélite-teste versus raio do satélite.
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the Sun (Rubincam et.all997) and the Earth. The
radiance from the Sun is= 1,400 Wnr (1 AU)
whereas the radiance from Earth is ohly= 62.55

Thermal Force Effects on Satellites

leads to a very small thermal lag angle and mean along-
track component. However, for the real case, when
the purpose of the work is to predict accurate satellite

Wm? (6,000 km). However, in the particular case pre- ephemeris, we should take into account both energy
sented here, where the satellite is orbiting the energysources simultaneously.

source, the contribution of the Earth for the along-track

Note that, for the next calculations and analyses,

acceleration is more important. The satellite’s orbital we assume that the test-satellite is homogeneous,
period of 1 year, with the Sun as the energy source,spherical , with spin axis lying on the satellite orbital
plane, and 100 % covered by fused silica retro-reflec-

tors. Thus, we will take into account some fused silica

retro-reflector constants, and the test-satellite main
parameters as follows: semi-major axés= 1.227 X
10" m; orbital eccentricitye= 0.004; mean motiom
| =4.64 x 10 s%; radiusR = 0.3 m; specific heaGp=
— 686 J kg K1, emissivity,e = 0.9; absorbitya = 1.0;
thermal conductivityk = 1.34 W K! m!; density,o =
2200 kg ?. And we use also, the Earth infrared radi-
ance|l = 62.55 W nt; Earth radiusR, = 6.371 x 10
m; Stefan-Boltzmann constarst=5.67 x 16 W m?

K- and speed of light = 2.9979 x 1® m s2.
The radiancd ; and the mean temperatufg

are given by the following expressions:
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Figure 7 - The orbital thermal lag anglersussatellite’s radius for
the following altitudes: 6,000, 12,000 and 20,000 km.

Figura 7 - Angulo de atraso devido ao movimento orbital versus o
raio do satélite para as seguintes altitudes: 6.000, 12.000 e 20.000

km.
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Figure 8b— Figure 8a in logarithmic scale .

Figura 8b— Figura 8a em escala logaritmica.

Figura 8a- Aceleracao transversal média versus o raio do satélite
para as seguintes altitudes: 6.000, 12.000 e 20.000 km.
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Figure 9a- The mean radial accelerativersussatellite’s radius
for the following altitudes: 6,000, 12,000 and 20,000 km.

Figura 9a- Aceleracao radial média versus raio do satélite para
as seguintes altitudes: 6.000, 12.000 e 20.000 km.
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Figure 10- The absolute value of the semi-major axis (or altitude)
drift, due to the thermal re-emission effeetrsussatellite’s radius

for the following altitudes: 6,000, 12,000 and 20,000 km.

Figura 10 - Decaimento do semi-eixo maior orbital (ou altitude)

em valor absoluto, devido ao efeito de re-emisséo térmica, versus
raio do satélite para as seguintes altitudes: 6.000, 12.000 e 20.000

km.

where |, =62,55W n? is the radiance from Earth at
test-satellite aItitudéI;'S =263 K is the test-satellite mean
temperatureg = 1.227 x 10m is the test-satellite semi-
major axis; ané is the variable semi-major axis. The
satellite’s mean motion is given by:

n=,(ula), (32)

where u is the Earth’s universal gravitational param-
eter. When the rotational angular velocity is high the
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Figure 9b— Figure 9a in logarithmic scale.

Figura 9b - Figura 9a em escala logaritmica.

day-night effect can be neglected. In Fig. 3 we com-
pare the summer-winter and day-night along-track ab-
solute values when the satellite’s spin period is 200 s.
The summer-winter component is greater than the day-
night one (nearly 6 % for 20,000 km) and this differ-
ence between components grows up for decreasing
altitudes values.

For the test-satellite’s altitude (6,000 km) the sum-
mer-winter along-track is:

(S) =-2.85x10=ms2, (33)
whereas, the day-night along-track is:
(S)=-346x10+=ms2, (34)

that corresponds to nearly 12 % of the summer-win-
ter along-track. However this difference gets smaller
when the satellite’s altitude increases (6 % for GPS
altitudes: 20,000 km).

The day-night effect intensity depends crucially
on the satellite’s spin period. Since the LAGEOS spin
period is increasing in time, frons just after launch to
about 200s now Rubincam et al.1997), the day-
night mean along-track contribution becomes more sig-
nificant with time.

The total thermal force acting on the test-satel-
lite, analyzed in this work, is due, mainly, to the sum-
mer-winter effect, and thus, the following procedures
take into account only the thermal force component
along the satellite’s spin axis. Fig. 4 shows the radial
and along-track accelerations absolute values as a func-
tion of the test-satellite’s altitude.

The thermal lag angl§, value is about 44 de-
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grees § [J45°), and thus, the radial acceleration abso- Averaging EQ.(35) along one orbital period, we
lute valtie will be greater than the along-track one. With obtain:
the Sun as the thermal radiation source, the thermal lag B sind
angle has a very small absolute value, and the differ- <3> 00.30—~———= (38)
ence between radial and along-track components grows n
in importance. The shape of the curves shown in Fig. 4 The effect is dissipative and the satellite’s semi-
can be explained by the behavior of the thermal lag major axis will decrease in time. The orbit decay is
angle when the satellite’s altitude varies (see Figs. 5aabout:
and 5b). B
A similar analysis can be done if we plot the ra- <@ H1.08mmd-. (39)
dial and along-track acceleratioversusthe radius of
the satellite as shown in Fig. 6. The direction of the Fig. 10 shows the semi-major axis decay for dif-
thermal force Changes for different values of the ferent satellite’s radii values (from zeroto 1.0 m) The
satellite’s radius. As the radius of the satellite gets Mmore intense decay happens, as expected, for the low-
smaller, the along-track acceleration loses strength forest altitude (6,000 km). All the curves present a peak
the radial component. that associate the maximum semi-major axis decay to
We can exp|ain such behavior’ a|so’ by the ana|y_ a satellite’s radius. For our test-satellite (R =0.3 m)
sis of the thermal lag angle, as we can see in the Fig. 7the decay is about 1.08 millimeters per day, but this
that shows the thermal lag angiersussatellite’s ra- value will decrease to 0.25 millimeters per day for sat-
dius for altitudes 6,000, 12,000 and 20,000 km. ellites with R = 1.0 m.
Figs. 8a and 8b show the along-track accelera-
tion as a function of the satellite’s radius for different DISCUSSION
altitude values. The curves present a peak for the fol- _ , _
lowing values of satellite’s radii and altitudes: 0.10, 0.13 A satellite moving around the energy source will
and 0.16 m, for 6,000, 12,000 and 20,000 km, reSIOeC_experlence S|mulftaneously bqth forces, sum_mer-wm-
tively. Thus, the maximum of the along-track accelera- " F, and day-night (generalized,, but the inten-
tion is displaced to the left when the satellite approachesSity of these forces will change along the orbital pe-
the energy source. riod. A unified model should take |_nto account $ire
Next, in Figs. 9a and 9b we repeat the analysis G’_andcose' terms for the Day-nght and Summer-
for the radial acceleration and obtain a similar behay- Winter force components, respectively. These terms
ior. The radial component also has a maximum associ-EXPress the variations in the satellite’s temperature dis-
ated to a very small satellite’s radius, but in this case tribution due to its_movement aroun.d th'e energy source
the maximum peak can be only partially visualized. and allow to 'the .S|mult§r.1eous application of these two
The secular variation in the semi-major axis can forces resulting in a unified Total Thermal force.

be obtained if we use the Gauss equation for non-gravi- N order to simplify the analysis of the total ther-
tational perturbations: mal effect, we have neglected the day-night effect, in

the previous section. To determine when one compo-
[Resin(f) + S(1+ecos( )] (35) nent of the therma'l f?rce can b_e neglectgd we should
' analyze the satellite’s spin axis orientation and the
satellite’s main angular frequencies. In general, when
where R and S are obtained by substituting Eq. (21) inth€ SPin axis lies on the satellite’s orbital plade 0)
Eq. (26): the day-night effect can be neglectedwf>> n (high
rotational frequency), but in the opposite situation, low
R = _;_ B, cos(f —&,)cos(f) (36) rotatiqnal frequency, the day-night effc_act will play a
2(1+sinzf) more important rule than the summer-winter effect, and
we can neglect this last one. Obviously that, to take
1 _ into account both effects or only one depends on the
S= 2+ sinf) B,cos(f -d,)sin(f)  (37)  accuracy you need. If the spin axis is perpendicular to
the satellite’s orbital planed= 172) we can neglect
the summer-winter effect without lost of accuracy,
because in this case, tRecomponent of the thermal
force vanishes. For the remainder of the spin axis posi-

" n-e)

andC, =C/r*, with B, = const For almost circular
orbit, nt=f, where f is the true anomaly.
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THERMAL FORCE EFFECTS ON SATELLITES

Todos o0s objetos no espaco sdo regularmente aqudites artificiais € muito simples: a radiacédo proveniente|de
dos por fontes de energia térmica. A investigacdo de efama fonte de radiacéo térmica (Sol, Terra, etc...) incidg na
tos térmicos associados a esse aquecimento é capazuerficie do satélite, aquecendo com maior eficiéncia o
explicar alguns aspectos inesperados da evolucédo orbitalo do satélite voltado para a fonte de radiacdo, do qle o
de naves espaciais viajando através do espaco alémlaeo oposto (lado escuro). Como consequéncia, a superfi-
proporcionar a otimizagdo da modelagem orbital de satélie do satélite apresenta uma distribuicdo de temperaturas
tes artificias em Orbita ao redor da Terra. assimétrica. O lado quente re-emite fotons mais energéficos

O mecanismo que gera a forca térmica que atua em sat§ortanto, perde mais momento do que o lado frio. Elsta
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anisotropia leva & um momento linear resultante diferente é@s posené ecosé, respectivamente; enquanto um efei-
zero e, consequentemente, a uma forca resultante quel@r@erde forca o outro ganha e vice-versa, e isto se r
atuar no satélite. A quantidade de radiacéo recebida por @Htro vezes para uma revolucdo completa.

das pela orientacéo do eixo de rotacdo do satélite, e por 88imovimento orbital e ao movimento de rota¢ao do sa
movimento de rotacéo e de translacéo. Ha duas assimetifaghlém disso, a altitude e as dimensdes do satélite|séo
fundamentais na superficie do satélite que regulam a dis¥@riaveis capazes de alterar a direcdo, modulo e serjtido
buicdo de temperaturas: uma ao longo do eixo de rotacgssa forca térmica.
(conhecida como efeito inverno-verao) e outra no plano equa- A componente inverno-verdo da aceleragdo € resgon-
torial (efeito noite-dia), no sistema de referéncia do satéligavel por um efeito dissipativo, enquanto que, a compo-

As forcas de origem térmica tem sido apontadas comd@gnte noite-dia pode resultar em ambos os efeitos,
principal causa do decaimento orbital residual, observaéigsipativo ou antidissipativo, dependendo do sentido|do
em satélites artificiais de grande altitude. Estas forcas estBgvimento de rotacéo do satélite em relagéo ao movimgnto
associadas a aceleracdes na ordem do picometfon@.  orbital. Para objetos com alta velocidade angular de rota-
Neste trabalho, propomos um modelo térmico que apres&f0, de uma forma geral, o efeito inverno-verdo € domirjan-
ta o efeito térmico total como a soma dos efeitos Invernt® € o efeito térmico total é dissipativo. Para a situagao
Verao e Noite-Dia “genera"zado”_ Mostramos que um md)posta, quando o efeito noite-dia é dominante, o efeito tér-
delo unificado deve levar em consideracéo o tesing@  Mico total pode ser dissipativo ou antidissipativo. A qugli-
para a componente noite-dia da forca térmica (longitudindde dissipativa das forcas térmicas ira levar ao decrgsci-
e o termaosf (onded é a colatitude da fonte de energigno do semi-eixo maior resultando em um decaimentd da
térmica) para a componente inverno-veréo da forca térmfegita do satelite.
(latitudinal). Estes termos estdo associados a variacdes de\este trabalho, aplicamos as forcas de re-emissaojter-
temperatura na superficie do satélite devidas ao seu mdvica a um satélite-teste (parametros baseados em dadps do
mento ao redor da fonte de energia térmica e permitens@i€lite LAGEOS) e obtemos a perturbagao resultante{em
aplicacdo simultanea dessas duas forcas, resultando em tRfi#0s da aceleracdo transversal média, para o efeito noite-
forca térmica total unificada que possui duas component&éd, <S> = -3,46 x 1§ ms?, e para o efeito inverno-verao,
a forca Inverno-Verao, na direcéo do eixo de rotacdo do §&> = -2,85 x 1# ms?, que leva a um decaimento orbital
télite (2), e a forca Noite-Dia generalizada, no plano equatéesidual de aproximadamente 1,08 mmd
rial do satélitexy). Além disso, analisamos o0 comportamento das acelgra-

A orientacao do eixo de rotacdo do satélite em relaca&@es radial e transversal médias, e do angulo de atrasp em
fonte emissora de radiacéo é muito importante, pois deteritin¢ao da altitude do satélite, e obtemos uma “lei de sgle-
na a intensidade dos efeitos inverno-veréo e noite-dia. Dif0” que associa o efeito térmico maximo ao raio e a altitide
rante um periodo orbital a intensidade das fégagoite- ~do satélite.
dia) eF, (inverno-veréo) sofre mudancas ciclicas determina-
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